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Abstract 

Lithium  transition-metal  oxides  Li(Mn2_xCox)04  (0  <  x  <  0.5 )  are  synthesized  by  solid  state  reaction.  X-ray  and  electrochemical  data 
show  that  the  replacement  of  Mn34  (d4)  ions  by  Co3+  (ds)  in  the  octahedral  framework  of  the  spinel  eliminates  the  local  disorder  present  in 
the  lattice  around  the  [Mn3+06]  octahedra.  The  capacity  loss  observed  in  the  undoped  Li/LiMn2C>4  cell  is  about  25%  after  20  cycles, 
whereas  that  for  the  *  =  0.1  and  0.2  doped  spinel  materials  is  about  0.48  and  1%,  respectively.  The  good  capacity  retention  of 
Li(Mn2_xCor)04  (0.1  <x<  0.5)  electrode  is  attributed  to  the  stabilization  of  the  spinel  structure  by  Co  doping  for  Mn  ion  sites.  The 
chemical  substitution  of  Co3+  for  Mn34  in  LiMn204  improves  the  efficiency  in  maintaining  electrochemical  capacity  over  a  large  number 
of  cycles  without  sacrificing  initial  reversible  capacity  at  room  temperature.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

High  voltage  cathode  materials  for  use  in  lithium  based 
secondary  battery  systems  have  been  of  considerable  interest 
in  recent  years.  Lithium  transition-metal  (V,  Cr,  Mn,  Co,  Ni) 
oxides,  which  are  used  as  positive  electrodes  in  secondary 
lithium  batteries,  have  been  extensively  studied  over  the  past 
two  decades  [1—3] .  In  all  lithium  battery  systems,  energy 
storage  is  associated  with  a  reversible  lithium  intercalation 
into  the  positive  electrode  materials.  Commercial  lithium 
cells  use  lithium  cobalt  oxide  cathodes  and  the  high  cost  of 
this  material  has  prompted  the  design  and  synthesis  of 
alternate  insertion  hosts.  Among  these  alternatives,  manga¬ 
nese  oxides  have  been  found  to  be  promising  in  terms  of 
specific  energy,  non-toxicity,  and  low  cost.  Lithium  spinel 
LiMn204  is  the  most  promising  candidate  for  innovative 
lithium-ion  (rocking  chair)  batteries.  It  is  thought  that 
lithium  manganese  oxides  batteries  will  be  used  in  cellular 
telephones,  notebook  PCs  and  electrical  vehicles  [4-7]. 

Some  problems  for  commercial  application  of  LiMn204 
are  rechargeable  capacity  and  poor  cyclability  of  the  charge- 
discharge  process  in  the  4-V  region.  The  major  factors 
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responsible  for  the  capacity  loss  at  elevated  temperatures 
are  as  follows  [8,9]:  (i)  the  more  stable  one-phase  struc¬ 
ture  in  the  low-voltage  region  transforms  to  an  unstable 
two  phase  on  the  high-voltage  region;  (ii)  Mn3+  ions  in 
LiMn3+Mn4+04  cathode  materials  undergo  a  self-redox 
reaction  to  Mn24  and  Mn44  at  high  voltages,  which  induces 
capacity  loss  due  to  a  loss  of  the  cathode;  the  Mn24  so  gene¬ 
rated  irreversibly  dissolves  in  the  electrolyte  and  increases  in 
resistance  of  the  cell;  (iii)  the  decomposition  of  the  electro¬ 
lyte  solution  at  the  electrode  at  high  voltage  causes  lattice 
instability  of  LiMn204.  This  metal  oxide  shows  cubic  Fd3m 
symmetry  at  room  temperature,  with  an  average  manganese 
valence  of  3.5.  The  Mn  exists  in  Mn44  (tLeJJ)  and  Jahn- 
Teller  active  Mn  (//„(+,)  configurations.  Several  studies 
have  been  aimed  at  improving  the  material  properties  of 
LiMn204  and  at  improving  its  efficiency  in  maintaining 
electrochemical  capacity  over  a  large  number  of  cycles 
without  sacrificing  initial  reversible  capacity  and  also  its 
performance  at  room  temperature  [10,11],  Doping  the  Mn 
(16d)  sites  with  a  trivalent  cation  or  a  cation  with  lesser 
valence  is  a  possibility,  because  it  reduces  the  Mn34  content 
and  stabilizes  the  cubic  structure  in  the  face  of  Mn34  Jahn- 
Teller  distortion  [12-18].  Guohua  et  al.  [17]  have  shown  that 
the  substitution  of  M  ions  at  the  Mn  site,  Li(Mn,  M)204 
(M  =  Cr,  Co  and  Ni),  increases  the  average  ionic  valence 
of  Mn,  and  thus  decreases  the  number  of  Jahn-Teller  Mn3  1 
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ions.  Considering  both  cycle-life  and  capacity  density, 
LiCo1/6Mn11/604  shows  good  cycle  performance  with  a 
specific  energy  of  370  Wh  kg  - 1  at  the  300th  cycle.  The 
improvement  in  cycling  performance  is  attributed  to  stabi¬ 
lization  of  the  spinel  structure  by  doped  metal  cations. 

In  this  paper,  we  report  the  synthesis  of  Li(Mn2_YCoY)04 
(0  <  x  <  0.5),  wherein  Mn  has  been  partially  replaced  with 
Co  ions  to  improve  the  cycle  performance  of  LiMmC^ 
spinel  materials. 

2.  Experimental 

2.1.  Synthesis  of  Li(Mn2-xCox)04 

Samples  of  the  system  Li(Mn2_YCoJt)04  (0  <  x  <  0.5) 
were  synthesized  by  solid  state  reaction  of  Li2CC>3,  Mn02 
and  C03O4.  Well  ground  mixtures  of  the  starting  materials 
were  heated  at  800°C  in  air  for  24  h,  followed  by  two 
treatments  each  of  24  h  at  800°C  with  intermediate  grind¬ 
ings.  The  process  was  repeated  to  minimize  the  impurities 
Mn2C>3  and  Li2MnC>3.  Powder  X-ray  diffraction  (XRD) 
analyses  were  carried  out  with  a  SCINTAG  (XI)  diffract¬ 
ometer  (Cu  Ka  radiation,  X  =  1.5406  A)  at  40  KeV  and 
30  mA.  Data  for  the  Rietveld  refinement  were  collected 
in  the  26  range  15-120°  with  a  step  size  of  0.02°  and  a 
count  time  of  10  s  per  step.  The  GSAS  program  [19]  was 
used  for  the  Rietveld  refinement  in  order  to  obtain  informa¬ 
tion  about  the  crystal  structures  of  Li(Mn2_YCoY)04.  In  all 
cases,  the  XRD  patterns  could  be  indexed  on  the  basis  of  a 
cubic  cell. 

2.2.  SEM  and  BET 

The  scanning  electron  microscopy  (SEM)  pictures  were 
recorded  at  room  temperature  on  a  Philips  XL30  scanning 
electron  microscope  equipped  with  a  field  emission  gun 
which  operated  at  20  kV.  Compositional  analyses  were 
performed  by  using  an  EDAX-DX4  energy  dispersive  X- 
ray  spectrometer  (EDS).  The  specific  surface  area  for  each 
as-prepared  compound  was  analyzed  with  a  Micrametric 
ASAP  2000  instrument  by  the  Brunauer,  Emment,  and  Teller 
(BET)  method  in  which  N2  gas  adsorption  was  employed. 
Each  compound  was  heated  to  250°C  and  at  a  partial 
pressure  of  10-3  Torr  for  2  h  to  remove  the  adsorbed  water 
before  measurement. 

2.3.  Measurement  of  Mn  valence 

The  valence  of  Mn  was  determined  by  the  X-ray  absorp¬ 
tion  technique.  The  experiments  were  carried  out  at  the 
synchrotron  radiation  research  center  (SRRC)  in  Taiwan 
with  an  electron  beam  energy  of  1.5  GeV  and  a  maximum 
stored  current  of  240  mA.  The  spectra  were  recorded  by 
measuring  the  sample  current.  The  incident  photon  flux  (70) 
was  monitored  simultaneously  by  a  Ni  mesh  located  after 


the  exit  slit  of  the  monochromator.  All  the  measurements 
were  performed  at  room  temperature.  The  reproducibility  of 
the  absorption  spectra  of  the  same  sample  in  different 
experimental  runs  was  found  to  be  extremely  good.  The 
photon  energies  were  calibrated  to  an  accuracy  of  0. 1  eV  via 
the  known  O  K-edge  absorption  peaks  of  CuO. 

The  valence  of  Mn  was  also  determined  by  chemical 
titration  [20].  The  samples  were  dissolved  in  an  excess  of 
20  ml  K2C204  and  2  ml  H2S04  at  ~65  C  (maintained  by  a 
water  bath)  to  reduce  all  Mn"+  to  Mn2+  (2  <  n  <  4),  and 
then  the  excess  C2Ot2  ions  in  the  solution  were  determined 
by  titration  at  65°C  with  a  standard  solution  of  KMn04  [16]. 
Magnetization  data  were  collected  using  a  superconducting 
quantum  interference  device  (SQUID)  magnetometer  (quan¬ 
tum  design). 

2.4.  Electrochemical  experiments 

Electrochemical  characterization  was  performed  using 
coin-type  cells.  The  method  of  assembling  the  cell  was  as 
follows.  The  cathode  was  prepared  by  spreading  a  mixture  of 
85  wt.%  LiMn204,  9  wt.%  acetylene  black  used  as  conduc¬ 
tive  material  and  6  wt.%  polyvinylidene  fluoride  (PVDF) 
dissolved  in  1 -methyl-2-pyrolidinone  (NMP)  on  to  alumi¬ 
num  foil.  The  prepared  electrode  was  then  put  into  a  vacuum 
oven  to  evaporate  the  solvent  at  110°C  for  several  hours. 
Cathode  disks  ( 1/2  in.)  were  punched  from  the  sheet,  with  an 
average  weight  of  3  mg  of  active  material.  The  cell  consisted 
of  a  cathode  and  a  lithium  metal  anode  separated  by  a  porous 
polyethylene  film.  The  electrolyte  used  was  1  M  LiPF6  in  a 
mixture  of  ethylene  carbonate  (EC)  and  dimethyl  carbonate 
(DMC)  in  the  volume  ratio  of  1  EC:2  DMC.  The  cell  was 
assembled  in  an  argon-filled  dry  box  and  tested  at  room 
temperature.  The  charge  and  discharge  experiments  were 
performed  with  a  Maccor  battery  cycling  instrument.  The 
cell  was  cycled  at  current  density  values  between  0.3  and 
3  mA  cm-2  in  the  voltage  range  2.80^1.25  V. 

3.  Results  and  discussion 

3.1.  X-ray  diffraction  study 

The  electrochemically  inactive  phase  Li2Mn03  occurs  as 
an  impurity  during  the  synthesis,  as  can  be  seen  from  Fig.  1 . 
Li2Mn03  can  be  represented  by  the  formula  Li(Li1/3Mn2/3)02 
and  belongs  to  the  space  group  C2/c.  In  this  compound,  the 
Li+  ion  is  located  between  the  layers  of  the  Mn(Li)Og 
octahedra.  Based  on  the  three  heat  treatments,  the  powder 
XRD  patterns  of  Li(Mn2_YCoY)04  with  x  =  0-0.5  are  shown 
in  Fig.  2.  The  Li(Mn2_YCoY)04  (0  <  x  <  0.5)  samples  each 
have  a  single  phase.  We  assume  that  the  Co3+  ions  substitute 
the  Mn  sites  homogeneously  while  retaining  the  Fd3m  space 
group.  The  peaks  in  each  XRD  pattern  can  be  indexed  on  the 
basis  of  a  cubic  unit  cell.  The  ideal  crystal  structure  of 
Li(Mn2_,CojO,|  with  a  cubic  cell  at  room  temperature  is 
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Fig.  1 .  X-ray  powder  diffraction  patterns  for  Li(Mn2_*Cqx)04  with  x  —  0, 
0.1  and  0.2  sintered  at  800°C  in  air  for  24  and  48  h  (*  =  0.1  and  0.2 
compositions  sintered  for  24  h  show  impurity  phase  Li2Mn03  from 
Li(Mn2__tCoA.)04  spinel  phase). 


32<?  16  d 

Fig.  3.  (a)  Ideal  crystal  structure  of  Li(Mn2_A:CoA:)04  with  cubic  cell 
(space  group:  Fd3m).  Unit  cell  is  shown  with  a  solid  line.  Part  of  each 
Mn(Co)06  octahedra  is  shaded,  (b)  Portion  of  cubic  Li(Mn2_^CoA.)04 
spinel  structure;  O  at  32e  site,  Mn(Co)  at  16d  site  and  Li  at  8a  site. 


shown  in  Fig.  3.  The  unit  cell  contains  56  atoms:  8  Li,  16 
Mn(Co),  32  O.  The  crystal  structure  can  be  described  as 
Mn(Co)  ions  occupying  one  half  of  octahedral  sites  (16d) 
and  Li  ions  present  on  eight  of  the  tetrahedral  sites  (8a) 
within  the  cubic  close-packed  oxide  array  (32e)  [21]. 

A  perovskite  symmetry  was  identified  by  observation  of 
the  reflections  with  the  limiting  condition  on  hkl:  h ,  k,  1  either 
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Fig.  2.  X-ray  powder  diffraction  patterns  of  Li(Mn2 _xCo^)04  (0  <  x  <  0.5) 
samples  sintered  three  times  at  800°C  in  air  for  24  h. 


all  odd  or  all  even,  with  F  centering  of  the  unit  cell,  which  is 
consistent  with  the  results  from  the  XRD  pattern  as  shown  in 
Fig.  2.  We  therefore  kept  the  occupancies  of  the  Mn(Co) 
sites  as  constant  in  our  data  refinement.  The  observed 
and  calculated  XRD  profiles  of  the  sample  with  x  =  0.1 
are  shown  in  Fig.  4.  The  structural  parameters  of  the 
Li(Mn2_tCov)Oi  compositions  at  room  temperature  are 
listed  in  Table  1.  Although  all  the  Mn  ions  in  the  solid 
solution  are  located  in  the  octahedral  sites,  Co  coexists  with 
Mn  in  these  sites.  This  cause  the  Mn-0  bond  lengths  to 
depend  not  only  on  the  valence  state  of  Mn,  but  also  on  the 
concentration  and  valence  state  of  Co.  The  lattice  constant  a 
and  the  cell  volume  decreases  with  addition  of  Co,  as  shown 
in  the  inset  of  Fig.  4.  This  is  due  to  the  smaller  size  of  the 
substituting  Co3+  ion  (0.545  A  for  coordination  number 
(CN)  =  6,  in  low  crystal  field)  as  compared  with  the  larger 
Mn3+  ion  (0.645  A  for  CN  =  6,  in  low  crystal  field)  [22].  If, 
however,  Co3+  substitutes  into  the  Mn4+  site  (0.53  A  for 
CN  =  6,  in  low  crystal  field)  [22],  an  increase  in  the  lattice 
constant  a  with  increasing  x  in  Li(Mn2_;rCox:)04  will  be 
found.  Therefore,  based  on  our  results,  we  confirm  that  Co3+ 
substitutes  into  the  Mn3+  sites.  The  Co  ion  has  a  larger 
binding  energy  (1067  KJ  mol-1)  in  CoOe  octahedra  than  the 
Mn  ion  in  MnOe  octahedra  (946  KJ  mol  *)  [17],  so  that  the 
Co  ion  prefers  to  substitute  at  the  octahedral  Mn  site  and 
substitutes  for  the  Mn3+  ion.  The  formula  can  be  written  in 
Li  M  n  | 1 1  Mn  |  _A3  1  Co  t3  04.  We  have  also  investigated  the 
low  temperature  orthorhombic  structure  of  LiMn204  by 
powder  synchrotron  diffraction  and  the  results  are  reported 
elsewhere  [23],  On  the  other  hand,  in  the  XRD  patterns 
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Fig.  4.  Rietveld  plot  of  LiCMi^-^Co^CU  with  x  —  0.1  at  300  K.  Experimental  data  points  are  shown  as  plus  (+)  signs.  Solid  line  is  calculated  profile.  Tick 
marks  below  profile  indicate  positions  of  allowed  Bragg  reflections.  Difference  plot  (observed  minus  calculated)  is  shown  at  bottom.  Basic  cell  parameters  (a) 
and  cell  volume  (V)  as  a  function  of  x  in  Li(Mn2_jeCox)04  are  shown  in  inset. 


of  the  Li(Co0.i3+Mn0.93+Mni  04+)O4  sample  showing  the 
cubic  spinel  structure  from  300  down  to  25  K,  there  is  no 
peak  split  or  broadening  from  room  temperature  to  low 
temperature  [23].  The  substitution  effect  of  Co3+  on  the 
framework  would  be  local  to  the  16d  site,  which  is  similar  to 
excess  Li4  being  substituted  into  the  Mn  site  [24],  In 
LiMnj  9C00.1O4,  the  Mn34  content  decreases  from  50  to 
47%  due  to  the  change  in  the  magnetic-ordering  because  of 
the  Mn3  4  distribution  [23], 

3.2.  Particle  size  and  surface  area 

The  de-intercalation  and  intercalation  of  lithium  has  a 
significant  effect  on  the  surface  of  cathode  materials.  The 


morphology  and  particle  size  of  the  Li(Mn2_ACoY)04 
(0  <  x  <  0.5)  samples  were  observed  by  means  of  SEM 
and  are  shown  in  Fig.  5.  An  increase  in  the  particle  size  with 
increasing  Co  content  (from  ~0.2  to  ~0.8  pm  of  x  =  0  and 
x  =  0.5,  respectively)  is  found.  This  seems  to  indicate  that 
the  incorporation  of  Co  into  the  Mn  sites  can  help  grain 
growth  during  the  sintering  process  [25].  The  Li(Mn2_*.. 
C0JO4  (0  <  x  <  0.5)  samples  each  have  a  single  phase. 
EDS  measurements  have  shown  that  the  actual  ratios  of  Mn 
to  Co  in  the  compositions  are  consistent  with  the  nominal 
compositions,  as  can  be  seen  from  Fig.  6(a).  The  trend  of 
BET  results  shown  in  Fig.  6(b)  is  similar  that  observed  from 
SEM  studies.  The  surface  area  approaches  a  constant  value 
for  x  >  0.4  [25]. 


Table  1 

Refined  fractional  atomic  positions,  unit  cell  parameters  and  reliability  factors  (%)  of  Li(Mn2_xCoA.)04  having  Fd3m  space  group  at  room  temperature3 


x  =  0 

x  =  0.1 

x  =  0.2 

x  =  0.3 

X 

II 

o 

4^- 

x  =  0.5 

Li 

102  uis, 

□  (A2) 

3.3(6) 

4.0(5) 

2.4(6) 

2.4(7) 

4.6(7) 

6.2(7) 

Mn(Co) 

102  uis. 

□  (A2) 

2.37(3) 

2.02(3) 

2.42(4) 

2.42(5) 

2.31(5) 

2.03(6) 

O 

X 

0.2641(2) 

0.2623(2) 

0.2635(2) 

0.2645(3) 

0.2625(3) 

0.2627(3) 

102  Uis. 

□  (A2) 

3.81(7) 

3.7(1) 

3.03(9) 

3.2(1) 

2.8(1) 

2.2(1) 

a 

(A) 

8.2422(2) 

8.2336(2) 

8.2178(6) 

8.1996(9) 

8.173(1) 

8.157(2) 

Volume 

(A3) 

559.93(2) 

558.17(3) 

554.98(7) 

551.3(1) 

546.0(1) 

542.8(2) 

RP 

(%) 

9.78 

8.99 

10.16 

10.99 

10.06 

7.87 

(%) 

12.91 

12.18 

13.96 

15.20 

14.30 

10.60 

x2 

(%) 

1.08 

1.32 

1.65 

2.35 

3.28 

3.68 

Li-0  x  6 

(A) 

1.983(2) 

1.959(2) 

1.971(3) 

1.981(4) 

1.947(4) 

1 .946(4) 

Mn-0  x  6 

(A) 

1.953(1) 

1.962(1) 

1.950(2) 

1.938(2) 

1.946(2) 

1.941(2) 

Mn-Mn  X  6 

(A) 

2.91406(6) 

2.91101(7) 

2.9055(2) 

2.8990(2) 

2.8897(4) 

2.8840(5) 

O-Li-O 

0 

109.471(3) 

109.471(2) 

109.471(3) 

109.471(4) 

109.471(5) 

109.471(7) 

O-Mn-O 

0 

83.07(9) 

83.92(9) 

83.31(1) 

82.8(1) 

83.8(1) 

83.7(2) 

O-Mn-O 

0 

180 

180 

180 

180 

180 

180 

O-Mn-O 

0 

96.93(9) 

96.08(9) 

96.7(1) 

97.2(1) 

96.2(1) 

96.3(2) 

3  The  atomic  positions  are  Li:  (0.125,  0.125,  0.125),  Mn(Co):  (0.5,  0.5,  0.5),  O:  (x,  x,  x). 
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Fig.  5.  Scanning  electron  micrographs  of  Li(Mn2_.rCo.r)04  (0  <  x  <  0.5) 
powders. 


3.3.  Mn  valence  analysis 

The  manganese  L  edge  X-ray  absorption  near  edge  struc¬ 
ture  (XANES)  spectra  of  Li(Mn2  _J.Coj04  are  shown  in 
Fig.  7.  The  spectra  show  two  broad  multiple  structures 
separated  by  spin-orbital  splitting  (Mn  2p3/2  and  Mn  2pi/2). 
The  chemical  shift  is  caused  by  the  change  in  the  electrostatic 
energy  at  the  Mn  site,  which  is  driven  by  varying  the  ionic 
valence  in  the  compounds.  The  2p3/2  absorption  peaks  of 
Mn02  and  Mn203  are  marked  by  solid  and  dashed  lines, 
respectively.  The  2p3/2  peak  of  the  Li(  Mii2_  tCot)0,|  contains 
both  Mn3+  and  Mn4+  absorption  transitions,  which  means 
that  Mn3+  and  Mn4+  are  distributed  randomly  in  the  structure 
and  the  electron  in  the  3d  orbitals  of  Mn3  h  is  localized. 
The  chemical  substitution  of  Co3+  for  Mn3+  in  LiMn204 


Fig.  6.  (a)  EDS  ratio  and  (b)  BET  surface  areas  (m2  g  1 )  as  a  function  of  x 
in  l.it  Mrii  xCox)04  (0  <  x  <  0.5). 

increases  the  Mn  valence.  The  peak  intensity  of  Mn3+ 
decreases  compared  with  that  of  Mn4+  as  x  increases  from 
0  to  0.5.  Liu  et  al.  [26J  have  used  XANES  to  study  the  valence 
of  Mn  in  the  Laj  2Srj  8_rCavMn207  series  and  found  a  single 
smooth  peak  (not  a  mixture  of  individual  Mn3+  and  Mn4+ 
peaks),  which  indicates  that  the  Mn  valence  remains  the 
same  as  Sr  is  substituted  by  an  increasing  amount  of  Ca. 
Yamaguchi  et  al.  [27]  have  used  X-ray  absorption  spectro- 


Energy  (eV) 


Fig.  7.  Mn  2p-edge  XANES  spectra  of  samples  with  nominal  composition 
Li(Mn2-JCCoA:)04  (0  <  x  <  0.5)  and  those  of  two  standards,  MnC>2  (Mn4+, 
shown  by  solid  line)  and  Mn203  (Mn3+,  shown  by  dashed  line). 
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scopy  of  the  Mn  K  edge  to  investigate  the  valence  state  and 
local  structure  of  LiMn204  at  280  K.  The  local  structure  was 
analyzed  using  isotropic  Mn34  Oe  and  anisotropic  Mn3  1  06 
octahedra  in  LiMn3+Mn4+04.  The  structure  exhibits  local 
ordering  of  the  distorted  Mn3  Of,  octahedra  when  the  tem¬ 
perature  is  below  the  transition  temperature.  Consequently,  in 
the  cubic  phase  above  the  transition  temperature,  the  Mn3  1  Og 
octahedra  are  distorted  by  the  Jahn-Teller  effect,  which  is  a 
local  distortion  without  static  or  dynamic  order.  Therefore, 
the  charge  ordering  process  is  accompanied  by  the  presence 
of  orbital  ordering,  which  is  the  manifestation  of  the  Jahn- 
Teller  polaronic  nature  of  the  mobile  charge  above  and  below 
the  transition  temperature  [27,28].  Thus,  charge  localization 
and  a  mixed  valence  of  Mn3  h  and  Mn4  1  are  found  in  the 
system.  The  Mn  valence  of  the  samples  from  x  —  0  to  0.5  was 
determined  by  chemical  titration.  The  calculated  average 
Mn  valence  for  x  =  0-0.5  in  LiMn  |4+Mn1  _A3+Co,3+04 
is  3.50,  3.53,  3.56,  3.59,  3.63  and  3.67,  respectively,  whereas 
the  actual  experimental  values  are  3.51  ±  0.02,  3.52  ±  0.01, 
3.56  ±  0.01,  3.58  ±  0.01,  3.61  ±  0.03  and  3.68  ±  0.01,  as 
shown  in  Fig.  8.  Thus,  it  can  be  seen  that  there  is  a  good 
agreement  between  the  expected  and  observed  values. 

3.4.  Cycling  performance  of  spinel  Li(Mn2-xCox)04 
cathode 

From  the  chemical  formula  LiMn,4 1  Mn1_Y3+Cov043+ 
(0  <  x  <  0.5),  the  theoretical  capacities  based  on  a  one- 
electron  charge-discharge  reaction  are  calculated  to  be  in 
the  range  148-96  mAh  g-1.  The  first  discharge  curves  at  the 
first  cycle  for  Li/Li M n , '  Mri|_  c3  Cox043+  cells  with  x  = 
0. 1-0.5  together  with  that  of  Li/LiMn2C>4  cell  are  given 
in  Fig.  9.  The  initial  discharge  capacity  of  Li/LiMn204 
(x  =  0)  is  120  mAh  g  .  The  initial  discharge  capacity  of 
Li/Li(Mn2_YCoY)04  decreases  with  increasing  Co  substitu¬ 
tion.  The  capacities  of  Li / L i ( M n 2 _,C ov) 04  from  x  =  0.1  to 


Fig.  8.  Calculated  and  experimental  Mn  valence  of  nominal  composition 
of  Li(Mn2_/X)04  (0  <  *  <  0.5). 

0.5  are  105,  103,  95,  92,  85  mAh  g_1  (as  shown  in  Table  2). 
Since  de-intercalation  of  Li+  from  the  spinel  structure  must  be 
electrically  compensated  by  oxidation  of  Mn3+  to  Mn4+, 
this  suggests  that  even  for  substituted  spinel  phases,  only 
the  amount  of  Mn3+  contributes  to  the  charge-discharge 
capacity.  So,  the  initial  capacity  of  Li(Mn2_YCoY)04 
(0  <  x  <  0.5)  is  limited  by  the  initial  amount  of  Mn3+  in 
the  16d  sites.  The  typical  charge-discharge  behavior  of  Li/ 
LiMn204  (LiMn14+Mn13+Co03+O4)  at  a  constant  current  rate 
of  c/5  are  shown  in  Fig.  10.  The  cells  were  first  charged  to  their 
rest  voltage  of  4.25  V.  The  removal  of  approximately  0.8-0. 9 
Li 4  from  the  structure  occurs  in  two  steps.  Two  pairs  of  redox 
peaks  in  the  4  V  region  are  associated  with  lithium  ion 
extraction-insertion  at  the  16c  site  [29,30].  Two  peaks  cor¬ 
responding  to  the  reversible  two-step  process  for  extracting 
Li  from  spinel  LiMn204  are  observed  at  voltages  of  4.00 
and  4.12  V  versus  Li/Li+,  respectively.  During  the  initial 
cycle,  the  capacity  loss  occurs  mainly  at  the  higher  voltage 
plateau,  which  may  be  due  to  the  unstable  two-phase  struc¬ 
ture,  which  exists  during  Li  ion  insertion-extraction  into/from 


Capacity  (mAh/g) 

Fig.  9.  Potential  (V)  vs.  discharge  capacity  imAli  g  1 )  curve  obtained  from  first  cycle  for  Li(Mn2_vCoY)C>4  (0  <  x  <  0.5).  Li  metal  served  as  anode  in 
EC(1):DMC(2)/1  M  LiPF6. 
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Table  2 

Discharge  capacity  (mAh  g  1 )  performance  of  Li(Mn2  rCo,)04  (0  <  x  <  0.5)  cell” 


Sample 

First  cycle 

15  th  Cycle 

20th  Cycle 

25  th  Cycle 

x  =  0 

120.16 

94  (21%) 

89.55  (25%) 

87.05  (28%) 

x  =  0.1 

105.37 

104.86  (0.48%) 

104.86  (0.48%) 

103.32  (1.9%) 

x  =  0.2 

103.58 

102.88  (0.67%) 

102.59  (1%) 

101.56  (2%) 

II 

© 

95.97 

95.75  (0.23%) 

95.48  (0.5%) 

89.37  (6.9%) 

II 

o 

4^ 

92.12 

91.43  (0.75%) 

91.14  (1%) 

90.82  (1.4%) 

x  —  0.5 

85.7 

85.27  (0.5%) 

84.69  (1.2%) 

83.8  (2.2%) 

a  Loss  of  discharge  capacity  at  15th,  20th  and  25th  cycle  is  compared  with  that  at  the  first  cycle.  The  percentage  loss  in  capacity  is  given  in  parenthesis. 


Fig.  10.  Typical  first  charge-discharge  behavior  for  Li/LiMn204  cell  at  a 
constant  current  rate  cl 5,  Vcut-off  2.8 — 4.25  V. 

the  spinel  structure  shown  in  Fig.  3.  The  first  cycle  charge- 
discharge  curve  versus  lithium  composition  x  of  the  Li/ 
LivMn14+Mn0  g3+Coo.23+04  are  presented  in  Fig.  11.  For 
the  range  at  a  composition  near  x  =  0.6,  an  anomalous  charge 
is  observed.  Probably  a  lithium  ordering-disordering  process 
occurs  during  the  lithium  intercalation-deintercalation  across 
x  =  0.6  which  causes  a  phase  transformation.  By  increasing 
the  substitution  of  Co3+  in  Mn  16d  sites,  there  is  a  decrease  in 
the  unstable  two-phase  region  [8,9,29-32]  and  the  curve  is 
smooth  compared  with  Li/LiMn204  (as  shown  in  Fig.  10). 


x  in  Lix(Mn]8Co02)O4 

Fig.  1 1 .  Voltage  vs.  lithium  composition  v  of  Li/Liv(Mn[  8Co0  2)04  cell  at 
first  charge-discharge.  Li  metal  served  as  anode  in  EC(1):DMC(2)/1  M 
LiPF6  with  constant  current  rate  c/5  and  V^t-ofF  2.8-4.25  V. 


Cycle  Number 

Fig.  12.  Variation  of  discharge  capacity  with  cycle  number  for 
Li(Mn2_YCov)04  (0  <  x  <  0.5)  cell  with  1M  LiPF6  in  EC(1):DMC(2) 
electrolyte  at  room  temperature. 

The  discharge  capacity  of  Li(Mn2_.vCoY)04  is  shown  in 
Fig.  12.  This  was  obtained  with  the  spinel  cathode  at  a 
current  density  of  c/5  (0.6  mA  cm-2).  It  is  apparent  that  the 
discharge  capacity  of  the  doped  compositions  (x  =  0. 1-0.5) 
is  more  stable  than  that  of  the  LiMn204  spinel  phase,  and 
that  the  capacity  fading  is  slightly  suppressed  by  increasing 
the  Co  content  from  0.1  to  0.5.  The  capacity  fading  com¬ 
pared  with  the  initial  capacity  before  the  25th  cycle  is  shown 
in  Table  2.  For  example,  the  capacity  loss  observed  with  the 
undoped  LiMn204  is  about  25%  after  20  cycles,  whereas 
that  for  x  =  0. 1  and  0.2  doped  spinel  materials  is  about  0.48 
and  1%,  respectively.  For  Li(Mni.o4+Mno.93+Coo  f3+)04, 
the  capacity  of  the  cell  maintains  98%  of  the  initial  capa¬ 
city  at  the  25th  cycle,  which  is  nearly  the  same  as 
Li(Mn1.04+Mn0.83+Co0.23+)O4  (cut-off  voltage  4.25-2.8  V, 
charge  density  =  0.6  mA  cm-2).  Therefore,  the  spinel  struc¬ 
ture  becomes  more  tolerant  to  repeated  charge-discharge  by 
doping  of  Co.  This  may  be  attributed  to  the  reduction  of  Mn 
valence  which  gives  giving  rise  to  the  suppression  of  the 
Jahn-Teller  distortion  via  Co  doping. 

4.  Conclusions 

Undoped  and  doped  spinels  with  the  nominal  compositions 
Li(Mn2_.YColr)04  with  0  <  x  <  0.5  have  been  synthesized. 
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Chemical  substitution  of  Co3+  for  Mn3+  in  LiMn204 
improves  the  cathodic  properties  and  the  efficiency  in  main¬ 
taining  electrochemical  capacity  over  a  large  number  of 
cycles  without  sacrificing  initial  reversible  capacity  and  also 
performance  at  temperature  below  room  temperature. 
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